The hamster buccal pouch model of oral carcinogenesis is by which Syrian hamster buccal pouch keratinocytes well suited for studying the sequential development of human treated in vivo with 7,12-dimethylbenz[a]anthracene SCC. The hamster buccal pouch is covered by a thin layer of (DMBA), switch from an angio-inhibitory to an angiogenic stratified squamous epithelium that is very similar to the floor phenotype. Cells were cultured from pouches at various of the mouth and the ventral surface of the tongue in humans, times after exposure to carcinogen and their angiogenic which are the most common sites of human SCC (3). Tumors activity assessed. The angio-inhibitory activity present in are induced by application of the carcinogen DMBA. The conditioned media from normal cells was lost as early as early lesions in the hamster pouches look grossly in vivo much 3 weeks after carcinogen treatment, resulting in weak as they do clinically in humans and the carcinomas are expression of angiogenic activity. By 5 weeks, cells had microscopically identical to those seen in humans. In this become strongly angiogenic due to the secretion of high hamster model, cells can be cultured from treated tissues at levels of TGFβ-1, a potent angiogenic factor. Because the various times after the carcinogen protocol and used in switch to high levels of secreted TGFβ-1 occurred at the vitro to investigate step-wise phenotypic and genetic changes same time as the activation of the H-ras oncogene, nonoccurring during tumor progression in vivo (4-7). These stepangiogenic cell lines lacking an activated H-ras oncogene wise changes are summarized in Table I . With increasing were stably transfected with mutant H-ras and their transtime in vivo, these cells sequentially acquire the transformed formed and angiogenic phenotypes were evaluated. Although ras transfection drove two of the three cultured phenotypes of immortality, growth in low serum, angiogenesis, cell lines to anchorage independence and modestly anchorage independence and tumorgenicity (4). In this model increased their ability to clone in low serum, it had no one also sees the sequential activation of the H-ras and the effect on the angiogenic phenotype or on the level of c-erbB-1 oncogenes (5,8,9), and a loss of multiple unidentified secreted active TGFβ-1. These results demonstrate that the tumor suppressor genes that are essential for the expression angiogenic phenotype in the hamster buccal pouch model of a number of transformed phenotypes (4,10
individual transformed phenotypes required for tumor development.
This study was undertaken to investigate the mechanisms
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of oral carcinogenesis develops in a step-wise fashion with
The ability to induce angiogenesis, the growth of new blood an early decrease in the production of an inhibitor of vessels from pre-existing ones, is now recognized as an angiogenesis and a subsequent marked increase in the essential characteristic of tumors (11). Whether or not angiosecretion of the inducer TGFβ-1. Although the activation genesis occurs in a particular tissue depends upon the balance of the H-ras oncogene contributed to anchorage independbetween the relative amounts of molecules that induce and ence, it did not affect the expression of the angiogenic molecules that inhibit angiogenesis (12). In normal tissues, the phenotype in this model system. vessels are quiescent and the non-transformed cells usually secrete low levels of inducers and high levels of inhibitors. As normal cells progress towards malignancy, they acquire Introduction the ability to induce angiogenesis often by increasing the amount of inducers they secrete and by decreasing the amount Squamous cell carcinoma (SCC*) of the upper aerodigestive of secreted inhibitors. This switch to an angiogenic phenotype tract is the sixth most common malignancy seen in the world can be seen clinically as well as in a number of tumor models today (1) . It is most often caused by the chronic exposure to where it often precedes overt tumor formation. It can appear the carcinogens found in tobacco products and alcohol. Despite as a single discrete step as in the pancreatic islet tumor model numerous advances in understanding the etiology of this or begin with modest induction of neovascularization, which disease, there is still little known about the molecular mechansubsequently becomes more intense as in the fibrosarcoma *Abbreviations: SCC, squamous cell carcinoma; PO, paraffin oil; DME, progression (13).
Dulbecco's Modified Eagle's medium; FBS, fetal bovine serum; HC,
The switch to the angiogenic phenotype in the hamster hydrocortisone; EGF, epidermal growth factor; PS, penicillin and streptomycin;
buccal pouch model is a less discrete event in that the CM, conditioned media; BSA, bovine serum albumin; KM, keratinocyte media; TMB, 3,3Ј,5,5Ј-tetramethyl-benzidene.
switch occurs progressively between 3 and 5 weeks after the were anesthetized and perfused with PBS followed by colloidal carbon to stain the vessels.
Materials and methods
Responses were scored as positive (ϩ) when vigorous sustained directional in-growth of capillary sprouts and hairpin loops towards the implant were Animals and carcinogen treatment detected. Responses were scored plus/minus (Ϯ) when a less vigorous, yet Male Syrian hamsters, 4-6 weeks of age (Charles River Breeding Laboratories sustained directional ingrowth (as compared with the HCPC CM as a positive Inc., Wilmington, MA) were treated with carcinogen as previously described control) was observed. Negative (-) responses were recorded when no evidence (7). Briefly, 7,12-dimethylbenz[a]anthracene (DMBA, Sigma Chemical of sustained vessel in-growth was observed. Negative controls consisted of Company, St Louis, MO) was dissolved at a concentration of 5 mg/ml in Hydron pellets containing DME alone. paraffin oil (PO) (Fisher-Scientific Company, Pittsburgh, PA). Groups of Anchorage independence animals were treated by painting the mucosal surfaces of both buccal pouches each Monday and Friday for 5 consecutive weeks. Control animals were
Hamster buccal pouch keratinocytes (2ϫ10 5 cells/dish) were plated in 1.5 ml treated in the same fashion with PO.
of keratinocyte media (KM) containing 0.425% agarose, over a solidified layer of 0.825% agarose, in triplicate 60 mm dishes. Colony formation (colony Cell culture size Ͼ0.5 mm) was assessed after 4 weeks. Aliquots of the same cells were Procedures used in the isolation and culture of the hamster buccal pouch plated at a density of 200 cells in 3.5 ml of KM. Results were expressed as keratinocytes have been published in detail elsewhere (7). The POT2, DM3, the relative plating efficiency: the percentage of colonies formed in agarose DM3LS, DM5 and DM10 cell lines were cultured at 0, 3, 5 and 10 weeks divided by the percentage of colonies formed on plasticϫ100. after completion of the carcinogen treatment protocol and grown in Dulbecco's Modified Eagle's medium (DME) containing 20% fetal bovine serum (FBS), Growth in low serum 0.4 µg/ml hydrocortisone (HC) (Collaborative Research, Cambridge, MA), Hamster buccal pouch keratinocytes at a density of 200 cells/dish in 3.5 ml 10 ng/ml of epidermal growth factor (EGF) (Collaborative Research), of KM media were plated in 60 mm dishes in triplicate. The following day, 100 U/ml penicillin and 100 ug/ml streptomycin (PS). The DM3LS cell line the media was removed and replaced with DME containing either 2.5% or was grown in DME containing 2.5% FBS, HC, EGF and PS. The HCPC cell 20% FCS. The dishes were incubated for 7 days and colonies stained with line was grown in DME containing 10% FBS and PS.
Diff-Quick staining solution (Baxter Pharmaceuticals, Miami, FL) and colonies Serum-free conditioned media (CM) was generated by rinsing the cells counted. Results were expressed as the number of colonies formed on the with DME three times, incubating them in DME for 4 h, refeeding them with plates containing DME ϩ 2.5% serum divided by the number of colonies DME and collecting the CM 24 h later. The CM was concentrated and formed on the plates containing DME ϩ 20% FCSϫ100. dialyzed using a pressurized Omegacell stirred cell (10 kd cut-off, Pharmacia, Tumorgenicity Piscataway, NJ). Protein concentrations were determined using the Coomassie Tumorgenicity was assayed in Balb/c nu/nu mice (Charles River Breeding Protein Assay Reagent 23200 (Pierce Biomedical Company, St Louis, MO).
Laboratories, Wilmington, MA). Cells were suspended at a concentration of Endothelial cell migration assay 2ϫ10 6 cells in 0.2 ml of DME, and injected subcutaneously in either the right BP10T8 cells (a kind gift of Dr Judah Folkman, Harvard University) were or left flank. Mice were examined weekly for up to 16 weeks for the presence starved overnight in DME containing 0.1% bovine serum albumin (BSA).
of a palpable tumor mass. A progressively growing tumor of Ͼ5 mm was Cells were harvested with trypsin and resuspended in DME with 0.1% BSA considered positive. at a concentration of 1.5ϫ10 6 cells per ml. Cells were added to the bottom Transfections of a 48-well modified Boyden chamber (Nucleopore Corporation, MD). The chamber was assembled, inverted and cells allowed to attach for 2 h at Co-transfections of the POT2, DM3#5, DM3#4, and the DM3LS cell lines were performed via electroporation. A total of 4ϫ10 6 cells were resuspended 37°C to polycarbonate chemotaxis membranes (5 µm pore size) that had been soaked in 0.1% gelatin overnight and dried. The chamber was then rein a volume of 300 µl of incomplete PBS and mixed with either pSV2neo alone or a 10:1 ratio of pcHa-ras (both kind gifts from David T.Wong): inverted, test substances (1 µg total protein per test compound in a volume of 50 µl) were added to the wells of the upper chamber and the apparatus pSV2neo plasmid DNA (40 µg total DNA) and placed on ice for 10 min in a 0.4 cm gap cuvette. The cells were then electroporated (300 volts, 500 uF TGFβ ELISA assay capacitance), placed on ice for 10 min, resuspended in 60 ml of KM and A TGFβ-1 ELISA system that utilizes an antibody sandwich technique plated in six 100-mm dishes overnight. Selection for neomycin-resistant cells was employed to determine the levels of biologically secreted protein (geneticin G418, 600 µg/ml) was initiated 24 h after transfection. Each dish (Promega Corporation, Madison, WI). Conditioned media from each of the was refed twice a week and individual colonies were subcloned from each of cell lines were incubated in 96-well plates containing a solid phase the six parent dishes. Each subclone was propagated and maintained in the monoclonal antibody. The captured TGFβ-1 was then incubated with a second polyclonal antibody. The amount of TGFβ-1 was determined appropriate media containing G418 (400 µg/ml). 
a Tumor conditioned media from the HCPC cell line. b ϩ, vigorous sustained vessel ingrowth; ϩ/Ϫ, mild vessel ingrowth; Ϫ no vessel ingrowth.
allowed for the catalysis of a colored product only in the wells in which the specific monoclonal antibodies had bound. The absorbance of each well was measured using a spectrophotometric plate reader at a wavelength of 450 nm.
Results are expressed as the mean of the actual absorbance of duplicate wells.
Results

Normal hamster buccal pouch keratinocytes secrete an inhibitor of angiogenesis
Under normal conditions angiogenesis does not occur in the oral cavity, presumably because inhibitors predominate. Seeking the source of such inhibitors, we tested the serum free conditioned media from a number of hamster buccal pouch cell lines to determine if the keratinocytes themselves were responsible for the inhibitory activity present. When tested alone, conditioned media from the POT2 cell line did not induce the migration of capillary endothelial cells ( Figure 1A ) or stimulate corneal neovascularization ( Figure  2A , Table II ). It did however produce high levels of inhibitory activity because its media, mixed 1:1 with media derived from the tumorigenic HCPC cell line, was able to block angiogenesis whether measured by the endothelial cell migration assay in vitro ( Figure 1A ) or in the corneal noevascularization assay in vivo ( Figure 2C , Table II) . of these lines and their known phenotypes are listed in Table  I . Cells cultured from the earliest time point (week 3) after carcinogen treatment (DM3#5) had inhibitory activity. Conditioned media from these cells failed to induce angiogenesis colormetrically using peroxidase and the color development substrate 3,3Ј,5,5Ј-tetramethyl-benzidene (TMB). The absorbance was read at a and was able to inhibit the migration of endothelial cells wavelength of 492 nm and the results are expressed at pg/ml of in vitro and to block corneal neovascularization in vivo ( Figure   TGFβ1 .
1B, Table II ). Conditioned media from the DM3#4 and the DM3LS cell lines were mildly stimulatory for both migration Table II ). These results suggest that either the Arg12, Val12, Asp12 or Asp13 mutant ras proteins were added to the loss of the inhibitory activity occurs prior to the full the appropriate wells. Incubation with horseradish peroxidase conjugated to goat anti-mouse IgG, followed by the addition of a chromogenic substrate expression of the angiogenic phenotype. tion, the mutant ras transfected into the hamster buccal pouch independence and tumorgenicity in nude mice (Table V) . The
anchorage dependent lines DM3#4 and the DM3LS became
anchorage independent as a result of ras transfection, while ϩ 3 the POT2 and the DM3#5, which represent an earlier stage of
progression, did not (Table V) . Ras expression modestly ϩ 3 increased the ability of the two earliest clones to grow in low
serum, but was unable to cause any of the clones to form tumors in the flanks of nude mice (Table V) . Conditioned a Tumor conditioned media from the HCPC cell line.
media from all of the ras transfected and control neo transfected clones were collected and assayed for their ability to stimulate angiogenesis. Conditioned media from the ras transfectants TGFβ-1 is the major inducer in hamster buccal pouch cell lines were uniformly unchanged. Ras transfected POT2 and DM3#5 Conditioned media derived from the different hamster buccal remained unable to stimulate either endothelial cell migration pouch cell lines varied from non-angiogenic to mildly to or corneal neovascularization (Table VI) and the ras transfected potently angiogenic (Table I ). To determine the major inducer DM3#4 and the DM3LS remained weakly angiogenic. These of angiogenesis secreted by these cells, neutralizing antibodies results suggest that the overexpression of the H-ras oncogene to a number of known angiogenic factors were used. Neutralizby itself was not sufficient to cause altered angiogenic activity ing antibodies to the angiogenic factor TGFβ-1 added to CM in these cells. It is also possible that the overexpression of the from angiogenic hamster buccal pouch cell lines caused a ras oncogene could affect the expression of the angiogenic dramatic drop in stimulation of both endothelial cell migration phenotype by altering the secretion of inhibitors of angiogenesis and corneal neovascularization ( Figure 3A , Table III ). Neutralproduced by a cell. To address this possibility, CM from the izing antibodies against the angiogenic molecules aFGF, bFGF, ras transfected clones of the POT2 cell line were tested for VEGF, and PDGF had no effect upon the inducing activity of loss of inhibitory activity. A 1:1 mixture of CM from the the CM ( Figure 3B , C, D and E). Pan-TGFβ antibodies, which ras transfected POT2 or the ras transfected DM3#5 clones neutralize TGFβ-1, TGFβ-2, and TGFβ-3, were no more combined with CM from the HCPC cell line resulted in a effective than anti-TGFβ-1 in reducing the angiogenic activity marked inhibition of endothelial cell migration and were (data not shown), suggesting that TGFβ-1 is the key TGFβ indistinguishable from untransfected parental cell lines (Figure family member responsible for induction of angiogenesis in 5A and B). These results suggest that the overexpression of the hamster buccal pouch keratinocytes.
the H-ras oncogene did not abolish the inhibitory activity. An ELISA assay that detects only active TGF-β was employed to determine the stage of the hamster buccal pouch Discussion progression during which the secretion of TGF-β was upregulated. The levels of secreted active TGF-β remained low at Normal keratinocytes cultured from the hamster buccal pouch Ͻ10 pg/µg of total secreted protein, in lines cultured through appear to be like normal fibroblasts (17,18) in that they secrete week 3, and then markedly increased in the DM5, DM10 and low levels of inducing activity and high levels of inhibitory the HCPC, which were all cultured after week 5 (Figure 4) . activity. This inhibitory activity was sufficient to suppress The increase in TGFβ-1 corresponds with and is apparently angiogenesis induced by media from tumor cells. If these responsible for the vigorous angiogenic phenotype that is keratinocytes are typical of the cells that give rise to the observed starting with the DM5 cell line.
hamster buccal pouch squamous cell carcinomas, they must Activated ras induced cells to become anchorage independent, lose this inhibitory activity, or overcome it by dramatically but did not alter the angiogenic phenotype increasing their secretion of inducers of angiogenesis, if they are to become progressively growing vascular tumors. A An increase in angiogenic activity as well as a sharp increase in levels of secreted active TGF-β occurred between weeks 3 similar loss of inhibitory activity during tumor progression is observed in fibroblasts from Li Fraumeni patients, which and 5, which is the same time at which the H-ras oncogene is activated in the hamster buccal pouch model (5) ( Table I develop an angiogenic phenotype first by losing inhibitory activity, in this case known to be due to thrombospondin-1 and Figure 4 ). To determine if activation of ras was directly responsible for the increase in angiogenic activity as had (17). The loss of inhibitory activity in the fibroblasts is due to loss of the p53 tumor suppressor gene. A similar suppressorbeen demonstrated in other systems (17), a DNA construct containing the mutant H-ras oncogene was co-electroporated based mechanism may be operating in keratinocytes because those cultured from the hamster buccal pouch also become together with the neomycin gene into the hamster buccal pouch cell lines that were antiangiogenic (POT2 and DM3#5), or angiogenic as the result of genetic loss (4). However, there are a number of differences between the fibroblast and keratinocyte weakly angiogenic (DM3#4 and DM3LS) and lacked activated ras. Although the treatment of hamster buccal pouch and other progression to malignancy. The lost angioinhibitory activity in the hamster keratinocytes is not due to a decrease in the tissues in vivo with DMBA results in a predictable mutation at codon 61 within the H-ras gene (15), for ease of identificasecretion of thrombospondin-1, because neutralizing antibodies to thrombospondin were unable to relieve the angioinhibitory TGFβ-1 was the major angiogenic factor secreted by the hamster buccal pouch cell lines. Its relevance was reinforced activity present in the CM from either the POT2 or the DM3#5 cell lines (data not shown). Secondly, it is unlikely that the as by the sharp increase seen in the secretion of TGFβ that correlated with the marked increase in the ability of the cells yet undefined inhibitory activity of these keratinocytes is regulated by p53. The hamster buccal pouch cell lines used in to induce angiogenesis. This in vitro finding seems likely to reflect the in vivo situation because high levels of TGF-β1 this study do not contain an inactivated p53 tumor suppressor gene. Nor do they consistently display alterations in any of mRNA and protein have been detected in the hamster buccal pouch during the progression to malignancy (19) . Although the p53 related molecules such as p16 or mdm2 (KuoWei Chang, personal communication). This suggests that the TGFβ consistently induces neovascularization in vivo (20, 21) it has biphasic effects on endothelial cells growing in vitro, inactivation of some other tumor suppressor gene and the loss of some unknown inhibitor of angiogenesis are involved in stimulating them at pg/ml concentrations and inhibiting them at ng/ml amounts (22) (23) (24) (25) . The levels of TGFβ secreted by the development of SCC in this model system. production of TGFβ may be important in the development of tobacco and alcohol are the major causes (40,41). Thus, the qualitative differences in the type of major inducers of angiogenesis produced by human and hamster SCC may be a phenotypic reflection of different genotypic changes caused the hamster buccal pouch cells were consistently at stimulatory by the specific carcinogens. levels. In addition to its angiogenic activity, TGFβ is also a There is considerable interest in determining how cells, potent inhibitor of the growth of epithelial cells (26) and thus progressing from normal to tumorigenic, switch from being might limit the proliferation of the tumor cells themselves.
antiangiogenic to angiogenic. In some animal models a distinct However, most successful oral squamous cell carcinomas have switch to the angiogenic phenotype is seen (42). In other cases lost this sensitivity (27) (28) (29) . In one report, mis-sense mutations the cells developing into tumors sequentially become more were found in the TGFβ receptors of two head and neck angiogenic in a step-wise fashion (18) . The exact mechanisms squamous cell carcinoma cell lines (30) .
Experimental and clinical observations suggest that increased regarding how this occurs has for the most part remained elusive. However, one might easily envision that both the activation of oncogenes as well as the inactivation of tumor 
